The anisotropic magnetoresistance (AMR) in thin permalloy strips was calculated at each steps during magnetization by the finite element method. The magnetization at equilibrium under different external fields was obtained by micromagnetic simulations, while the resistance with different magnetization was obtained by solving the Poisson equations iteratively until self-consistence. We find that the relation between magnetization and AMR deviates from the Stoner-Wohlfarth prediction when the magnetization is reduced from saturation. The reason is that the demagnetization is not necessarily from coherent rotation of the magnetic moment. We conclude that it is necessary to use numeric simulations to optimize the responses of AMR sensors.
I. INTRODUCTION
Since its discovery by William Thomson in 1857, the anisotropic magnetoresistance (AMR) effect, where the longitudinal resistance of ferromagnetic metals changes when the magnetic field is changed, has been one of the key methods to sense the magnetic field ranges from 10 −5 Oe to several Oe [1] . Due to the process compatibility of silicon, it can be easily integrated onto silicon chips [2] so that the applications can be found in varies areas, including magnetic field sensing, current sensing and position or angle sensing. They are widely used in modern Internet of Things (IoT).
In order to design and optimize the performance of the sensing elements in real devices, besides the analytical expressions for Stoner-Wohlfarth (SW) models [1] , it is unavoidable to use numeric methods which can couple at least micromagnetics and Maxwell equations. Dynamic effect was investigated by using this strategy to model the transfer effect in magnetic heads [3] . A multiscale modeling strategy based on phenomenological empirical equations is proposed to describe the performance of the magnetic field sensors [4] . It can be used to study the behavior of an AMR thin film sensor with material composition, crystallographic texture, and film thickness taken into account. The magnetoresistance change is found to increase significantly as the width of the wire is decreased [5] . Combination of micromagnetic modeling of magnetic moment distributions and the SW AMR model, exchange biased MR head was investigated by Koehler et al. [6, 7] . In the SW model the change of the resistance ∆R/R is proportional to cos 2 θ where θ is the angle between the magnetic moment and current density. Multiphysics program package Comsol and micromagnetic simulations
MuMax3 were used to calculate the AMR effect. The results of numerical simulations with allowance for inhomogeneous magnetization distribution showed that the proposed shapecoupled structures exhibit a significant increase in sensitivity as compared to that of classical barber-pole structures [8] .
However, the simulations above calculate the AMR with the assumption that the current is parallel to the external field, therefore do not treat the current and the AMR in a selfconsistent way: At fixed moment, the resistance and the current are independent upon each other. In their calculations, the resistance was fixed to the values corresponding to the current parallel to the magnetic field. Self-consistent calculations were recently done by Fangohr et al. [9] and Abert et el. [10] , where the micromagnetic problem was coupled with the electrostatic problem and the two sets of equations were solved by the finite element method [9] . The work shows that it is important to take into account the spatial variation of the current density when computing AMR.
Based on the SW model and general arguments of the symmetry, the AMR is proportional to cos 2 θ, where θ is the angle between the magnetic moment of the samples and the current.
However, in real materials, the magnetization are different in directions which is dependent on positions. Domain walls will generally appear when the sample dimensions exceed the single domain criteria. How will the AMR deviate from the cos 2 θ relations? The question can be answered by numeric simulations base on the micromagnetics. In this work, finite element based micromagnetic simulations were used to studied the magnetic reversal processes of nano element. Our simulations find that there is are noticeable differences between the AMR calculated numerically and approximated by proportional to magnetization. This is the result of complex magnetic moment distribution. Regarding to this results, in order to optimization of the performances of AMR sensors, it is crucial to use numeric simulations rather than the simple coherent moment rotation models.
II. COMPUTATION MODELS AND EXPERIMENTAL DETAILS
We use a nano thin plate elements with fixed length (L), width (W ) and thickness (t). The element was meshed into tetrahedrons with the maximum edge length of 1.0 nm. Magnetic moment distributions at different magnetic fields were obtained with Nmag which provides a systematic approach to multiphysics simulations with finite-element method [11] . The dynamics of the magnetic moment under external field is governed by the Landau-Lifschitz-
where γ is the gyromagnetic ratio, α is the damping coefficient and the auxiliary effective field H ef f includes the contributions from various effects of different nature:
The problem of finding the resistance (R) of the sample can be solved by using the Poisson where σ( r, m) is the position dependent electron conductivity matrix depending on the local magnetic moment ( m( r)), and U ( r) is the electric potentials. In more details, the electric field E is computed via
and the current density
with suitable boundary conditions. In the electrostatic problem, the divergence of the current density must vanish
When combined Equ. (4), (5) and (6) 
III. RESULTS AND DISCUSSIONS
For the typical square plate shaped elements, the demagnetization field will cause a small misaligned moment at both ends forming a "flower"-state when the magnetic field is decreased from the initial positive one as shown in Fig.2 the magnetic moment is more than 80% of the initial values, the linearity is reasonable.
However, the deviation from linearity is obvious as in the inset when the magnetic moment is further reduced. It gives a positive contribution to the AMR value, which can be as large as 50%. The reason for this nonlinearity comes from the noncollinearity of the magnetic moment distribution, which causes noncollinearity of the current density in the cells with respect to the magnetic moment. The distributions of the current density are shown in Fig. 4 . In the region where the magnetic moment is deviated from the magnetic field, the resistance on the path through which the current pass is also different from the homogenous region. However, the distribution of the current density does not take a copy of the magnetic moment. At the same time, when the decrease of the magnetization does not lead to a change of the magnetic moment direction with respect to the current density, they do not contribute to the AMR effect. For example, during the Bloch wall displacement, the magnetization varies while the AMR retains. In this case, there is no hope to get a linear response of the magnetoresistance with respect to the square of the magnetization. With regarding to these results, it is crucial to form a homogenous magnetized samples to achieved good linearity in the magnetic sensors. At the same time, it is necessary to use numeric simulations to optimize the performances of magnetic field sensor, so that the linearity can be optimized by proper design of barber poles. 
IV. CONCLUSIONS
To summarize, we have shown in this work, the magnetization and the AMR are not proportional as suggested by the coherent moment rotation model. The proportionality is only good when the magnetization variation is less than 80% of its saturation value. It is deviated from the analytical model prediction when the magnetic moment is far from saturation. We find that it is due to the formation of inhomogeneous magnetization region.
Our work points to the conclusion that the joint self-consistent solution of LLG equations in micromagnetics and Poisson equations in electrostatics is necessary to understand and optimization the performances of AMR sensors. 
